The effect of rate of beat on contraction of ventricular muscle was determined in trabeculae excised from five cat and five dog hearts, in the isovolumic canine left ventricle preparation, and in a recently developed isometric, in situ, papillary muscle preparation in the canine right ventricle perfused with oxygenated blood through the coronary vessels. Driven rates of excitation, experimental temperature (27°C), technique for recording contractile force development, and the measured maximal capacity for force development were all closely comparable for the excised and the in situ preparations of ventricular muscle. Contraction of in situ ventricular myocardium was affected only slightly, if at all, by alterations in rate of beat, in marked contrast to the profound dependence on rate of the contraction of excised ventricular muscle. Peak rate of force development by in situ myocardium was somewhat more sensitive to rate of beat, but still much less so than that of the excised ventricular tissues. This depression, in situ, of the myocardial frequency-force relationship is not attributable to effects of sympathetic outflow to the heart or of coronary flow on myocardial contraction or to negative inotropic substances in the perfusing blood which can be easily eluted from the tissue.
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• The pronounced dependence of contractile force on rate of beat, which has been observed in many excised atrial and ventricular muscle preparations (1) (2) (3) , suggests the possibility that the frequency-force relationship is an important regulatory influence on the mechanical performance of the heart. This effect, however, has been variably reported to be impressive, minimal, or absent for in situ dog atrium (4, 5) , dog ventricle (6) (7) (8) (9) (10) (11) (12) (13) (14) , and human ventricle (15) , although some degree of augmentation of maximal rate of force development or of shortening velocity with increase in heart rate has been more consistently observed (4, 5, 9, 13, 14) . Two issues deserve more detailed exploration: (1) whether in situ myocardium has force-frequency characteristics quantitatively different from those of excised tissues, and (2) whether additional influences present in situ are responsible for modifying the frequency-force relationship.
A technique has been developed for isometric recording of contraction by an in situ papillary muscle in the right ventricle of a dog during total cardiopulmonary bypass and
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during perfusion of the coronary tree with oxygenated blood. Peak systolic force per unit of cross section developed by these preparations, under conditions of maximal inotropic effect, has been shown to be quantitatively comparable to values obtained from very thin (cross section 0.1 mm 2 ) excised cat trabeculae (16) . Also, contraction of these coronaryperfused muscles is rapidly, severely, and reversibly depressed by transient interruption of coronary flow (17) . In the present study, frequency-force characteristics of this preparation are compared with those of excised cat and dog trabeculae. Thus values for contractile behavior of a linear strip of roughly parallel-fibered muscle obtained by essentially the same isometric recording technique are compared for in situ and excised muscles. In addition, the range of heart rates studied, the experimental temperature and, in some experiments, the animal species, make possible a direct comparison of results in the two conditions. Frequency-force behavior of the isovolumic canine left ventricle preparation is also described here, since the cavity pressures recorded in this procedure reflect a more general state of contractility of the mass of ventricular and septal muscle.
Briefly, the findings of this study are that rate of beat affects contractile force to a considerably smaller degree for in situ ventricular muscle than for excised tissues. Among possible factors causing this difference of in situ behavior, influences related to adrenergic outflow, coronary flow and components of circulating blood do not appear to be responsible for the characteristics observed.
Methods

EXCISED TRABECULA
Right ventricular muscles were obtained from five cats anesthetized with 30 mg/kg sodium pentobarbital and killed. Five trabeculae were obtained from a much larger number of dog hearts following the in situ papillary muscle studies described below or after completion of student laboratory exercises. The technique for electrical stimulation and for recording isometric force development has been described previously (18) . In addition, rate of force development was recorded by a Tektronix Type O operational amplifier. Stimulus strength was 1 1/3 times that required to elicit maximal force development. The length of the preparation was also adjusted to that optimal for contraction, with diameters, at this length, ranging between 0.16 and 1.00 mm. Temperature of the Tyrode medium was 27.5°C.
ISOVOLUMIC VENTRICLE
In dogs anesthetized with 30 mg/kg sodium pentobarbital, left ventricular contractile activity was measured as cavity pressure in a polyethylene bag inserted into the ventricle during total cardiopulmonary bypass (19) . Pressure signals were differentiated through an RC network with time constant of 10" 4 or 10~3 seconds. Blood temperature was maintained at 27°C. Driving the heart at slow rates was further facilitated by induction of atrioventricular block by interruption of His bundle conduction (20) . The myocardium was perfused with blood that had been passed through a Rygg-Kyvsgaard bag oxygenator, which served as part of the cardiopulmonary bypass arrangement. 
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IN SITU PAPILLARY MUSCLE
Contractile force development was monitored in 13 in situ papillary muscle preparations (see ref. 16 for details of technique) by a specially designed cantilever containing Baldwin-LimaHamilton bonded wire gauge elements (C-7). After right ventriculotomy during total cardiopulmonary bypass, the chordae of one papillary muscle were divided and the ring-shaped foot of the device slipped over the muscle to form a snug fit at the muscle's base. The chordae were then tied to the underside of the gauge-bearing platform. The platform could be raised or lowered by a screw, and each muscle was studied at the peak of its length-tension relationship. The arrangement is illustrated in Figure 1 . The myocardium was perfused with oxygenated blood (bypass bag oxygenator, ref. 19 ) maintained at a temperature of 27 °C. Diameters of these muscles ranged from 2.4 to 6.4 mm.
Results
FREQUENCY-FORCE BEHAVIOR OF EXCISED TRABECULAE
The well-known and marked dependence of isometric force development upon rate of beat was consistently found in the ten muscles studied. Frequency-force plots are shown in Figure 2 for a representative dog trabecula (left) and for all 10 muscles (right), where the combined data are normalized by expressing peak isometric force and peak rate of force development as a fraction of a "maximal" value (16, 21) elicited in calcium-rich, sodium-poor Tyrode's medium (22) or by optimal paired electrical stimulation in normal Tyrode's medium (16 
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FIGURE 3
Frequency-force characteristics of two isovolumic canine left ventricle preparations (solid circles and crosses). Contractile ''capacity," as assessed by the response to optimal paired electrical stimulation, is shown as the upper traces in each graph. Ventricular volume in both cases was 25 ml, which is below, but not far removed from, the peak of the systolic pressurevolume relationship.
FREQUENCY-FORCE BEHAVIOR OF THE ISOVOLUMIC VENTRICLE
The effect of heart rate on systolic pressure development was studied in 14 isovolumic canine left ventricle preparations. The extremely low rate of beat explored in the excised tissue was not attainable in the heart in situ, even in the presence of atrioventricular block and hypothermia (27°C). In several preparations, however, it was possible to drive the heart at quite low rates without escape beats. The results of two representative experiments are shown in Figure 3 , in which the range of rate explored overlaps to a large degree that shown for the excised tissues. The frequency-force relationships in the isovolumic ventricle are relatively flat as compared with those of excised trabeculae. In addition, there are segments of negative as well as positive staircase, which occur inconstantly from preparation to preparation as well as in the rate ranges where they appear. In Figure 3 , for example, the frequency-force curve is concave upward in the experiment shown by the solid circles, both for developed pressure and for peak rate of pressure development (single stimulation). In the experiment shown
The consistent result shown in Figure 2 is that, on increasing rate of beat from 3/min to 60/min, both peak force and peak rate of force development increase from low to maximal levels. Results obtained at faster driving rates are not shown here because this caused a long-lasting positive or negative inotropic effect on returning to the lower rates, and it was thus impossible to obtain consistent data for any given rate as a result of random alterations in driving rate. When rates of 75 or 120 beats/min were used, however, peak force as well as peak rate of force development either plateaued at the maximal values or, more often, declined from these values. It is also clear from Figure 2 that peak rate of force development attained slightly higher values (90 to 120%) as a result of rapid drive rates than could be elicited by optimal paired electrical stimulation at the rate of 12/min. 
Dependence of developed force (bottom) and of peak rate of force development (top) on rate of heat for 13 in situ papillary muscle preparations. Contractile values expressed as fraction of maximum as in Figure 2. (See text.)
by crosses, however, both curves are convex upward, indicating that the positive-slope and negative-slope components of the frequencyforce relationship cannot be consistently connected with a range of high or low driving rate.
The impressive result, found in all 14 isovolumic ventricle preparations, is that the amount of change in contractile behavior with rate (whether positive or negative) is relatively small. Still more striking is the failure of systolic force development or peak rate of force development to attain values, with increasing heart rate, anywhere near those elicited by optimal paired electrical stimulation. Increasing rate thus cannot release a large fraction of the myocardium's contractile capability as judged by the response to optimal paired electrical stimulation. This behavior is in striking contrast to that of the excised trabecula.
The possibility that myocardial frequencyforce characteristics are influenced by sarcomere length was considered, since all of the excised tissues were carefully adjusted to Circulation Research, Vol. XXVIll, May 1971 optimal length for contraction. This possibility is not supported, however, by the results from seven isovolumic ventricle preparations in which force-frequency behavior was examined over a wide range of ventricular volume and of resultant pressure development. The representative experiment shown in Figure 4 illustrates the consistent result of all of these experiments: that the small effect of heart rate on systolic pressure development is not influenced by changes in ventricular volume (and, presumably, sarcomere length). Comparable results were obtained in two excised cat trabeculae where a marked sensitivity of contraction to rate of beat remained unaltered at muscle lengths giving maximal force development, one-half maximal force, and one-fourth maximal force.
FREQUENCY-FORCE BEHAVIOR OF THE IN SITU PAPILLARY MUSCLE
The most direct comparison between excised and in situ myocardium involves data obtained from the in situ papillary muscle preparation. In 13 preparations, maximal force development as elicited at optimal muscle length by paired electrical stimulation amounted to 5.5 ± 1.9 g/mm 2 . Peak rate of force development in 11 preparations in which it was measured was 33.4 ±13.4 g/mm 2 /sec. Thus maximal contractile performance, as assessed by optimal paired electrical stimulation, is very closely comparable to that found in the excised trabecula. The strikingly different frequency-force characteristics of these in situ muscles are shown in Figure 5 , where contractile force and peak rate of force development are plotted as a fraction of the maximal values referred to above. The dependence of developed force on rate of beat is almost nonexistent, as shown in the bottom graph, while some small effect on rate of force development is apparent (top graph). In all cases contractility, either as developed force or as peak rate of force development, can be brought nowhere near its maximal value by increase in rate of beat, again in striking contrast to the behavior of excised myocardial tissues.
DIRECT COMPARISON OF IN SITU AND EXCISED VENTRICULAR MUSCLE
A trabecula was excised from the right ventricle of two dogs immediately after completion of a study of an in situ papillary muscle in the same ventricle. These hearts had been subjected to cardiopulmonary bypass for 3 to 4 hours, a longer period than that in most in situ papillary muscle studies. In both cases the excised tissues showed typically steep frequency-force relationships, with maximal contractile activity being elicited at the most rapid rate of beat, while the in situ muscle showed an equally characteristic, rough lack of dependence of contraction on rate of beat. This dramatic discrepancy in frequency-force behavior of the excised and in situ muscles is illustrated in Figure 6 , where maximal contractile behavior as determined in the two
Conractile Maxim
• Notepinephrme
RATE (BEATS/min)
FIGURE 7
Effect of norepinephrine on the frequency-force behavior of an excised dog trabecula.
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samples of right ventricular myocardium can be seen to be closely comparable.
MUTABILITY OF THE FREQUENCY-FORCE RELATIONSHIP IN EXCISED TRABECULAE
The frequency-force characteristics of isolated frog ventricle strips can be altered markedly by increasing the calcium level of the medium (23) . In calcium-rich media, large contractile tensions are attained at quite low rates of stimulation, and with increasing rate a decreasing contraction is often observed. In mammalian ventricular muscle these effects are also seen, although the decrease is usually slight, often absent.
Catecholamines, like increased concentration of extracellular calcium, not only augment contraction but also minimize its dependence on the rate of beat (24, 25) . This is illustrated in Figure 7 , where the relative constancy of developed force and of peak rate of force development after addition of 2 fig/ml of norepinephrine to the Tyrode solution is in marked contrast to the behavior of this preparation (dog trabecula) in the control medium. This result is typical of those obtained in four such experiments.
ADRENERGIC OUTFLOW TO THE HEART AS A CAUSE O U T F L O W T O T H E H E A R T A S A C A U S E O F THE FLAT FREQUENCY-FORCE CHARACTERISTIC OF IN SITU MYOCARDIUM
The striking alteration in the frequencyforce behavior of isolated trabeculae brought about by application of catecholamines suggested that the behavior of in situ myocardium might be determined to a large extent by some functional level of sympathetic mediator effect. This possibility was tested in seven experiments. In three, isovolumic left ventricle preparations from reserpinized dogs (1 mg/kg for each of two preceding days), developed ventricular pressure was essentially constant over a range of heart rates from 56/min to 110/min. In one isovolumic left ventricle preparation, developed pressure remained insensitive to heart rate after an amount of propranolol (Inderal 1 0.1 mg/kg) whicĥ
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Lack reduced it to two-thirds of its control value. In three in situ dog papillary muscle preparations, propranolol also failed to elicit any impressive staircase in the same dose, which markedly reduced both contractile force and peak rate of force development. A representative result is shown in Figure 8 , together with the additional and consistent finding that further depression of contraction by EDTA (0.75 to 4.5 mmoles administered in increments of 0.75 to 1.5 mmoles) also imparted no impressive sensitivity of contraction to the rate of beat. Absolute values of the maxima for developed force (6.1 g/mm) and for peak rate of force development (39.2 g/mm/sec) in this preparation were entirely comparable to those found for the muscles represented in Figure 5 , as is the range of heart rates explored. This is also the case for the other two preparations in this series. Although some increase in dependence of the contraction upon heart rate is apparent, particularly for the rate of force development, the magnitude of this effect still is in marked contrast with that for the isolated tissues shown in Figure 2 , as is the fact that alteration in rate of beat can, at best, elicit only a small fraction of maximal contractile performance.
CORONARY FLOW AND FREQUENCY-FORCE BEHAVIOR
The possibility that frequency-force behavior of in situ myocardium might be dependent on coronary flow was explored in two isovolumic ventricles and in six in situ papillary muscle preparations. In one experiment, both developed pressure and peak rate of pressure development were diminished at the faster heart rates when coronary flow was reduced by half (Fig. 9, left) . This effect was not a very great one and is absent in all of the other experiments performed. The right panel of Figure 9 shows the more representative result: developed force (or pressure) is reduced at all rates with decreasing coronary flow in such a way as to cause little change in the shape of the frequency-force curve; peak rate of force (or pressure) development changes much less, and the flat character of its dependence on rate of beat not at all, with marked reduction in coronary flow. Thus, the shallow frequency-force relationship characteristic of in situ myocardium cannot convincingly be attributed to any dependence of myocardial contraction on coronary flow.
BLOOD COMPONENTS AND IN SITU FREQUENCY-FORCE BEHAVIOR
It has been suggested in several connections (e.g., 26) that staircase in tissues perfused with artificial media is in a sense an artifact, in that one or another of the constituents of blood diminishes or abolishes the effect. That the discrepancy in frequency-force behavior of excised and in situ ventricular muscle might be attributable to the effect of such a blood constituent was tested in two isovolumic ventricles and in five in situ papillary muscles in which the frequency-force relationship was studied during coronary perfusion with Tyrode's solution. Tyrode composition for the excised tissue studies (18) was used in these experiments, and in addition, 4% dextran was added to minimize tissue edema during perfusion under a head comparable to mean arterial pressure. Representative results are shown in Figure 10 , where the usual depression of myocardial contraction on Tyrode perfusion is evident, but the overall frequencyforce pattern is not impressively altered, either in the isovolumic ventricle or in the in situ papillary muscle preparation.
The possibility exists that some alteration in blood composition specifically related to the bypass procedure causes the flat frequencyforce relationship observed in the in situ preparations. This might be a matter of concern, since the thoracic aorta was routinely clamped with the start of each bypass. This possibility was examined in two experiments. Trabeculae were excised from dog hearts following 4 and 2 hours, respectively, of total cardiopulmonary bypass. The preparations were perfused with Tyrode's solution and then with the blood used during bypass. A considerable augmentation of contractile force with increasing rate of beat occurred both in Tyrode's solution and in the bypass blood (Fig. 11) . Although the blood caused some decrease in the absolute magnitude of developed force in one muscle (left panel, bottom graph), peak rate of force development was unaltered (left panel, top graph). Behavior of an unusually thick trabecula, which had low "contractile maxima," is shown in the right panel. For this already partially compromised muscle, substitution of bypass blood for the Tyrode perfusate had no effect on frequencyforce behavior or on the absolute magnitudes of the contractions.
Discussion
In situ papillary muscles perfused with blood through the coronary vessels showed little or no augmentation of isometric force development with increase in rate of beat over a range in which force development of excised muscles in Tyrode's medium increased by a factor of 2 to 3. Peak rate of force development by the in situ muscles was somewhat more sensitive to rate of beat but still markedly less so than that of the excised muscles. The absolute values for maximal force development (per mm 2 cross section) and for peak rate of force development (per mm 2 ) elicitible by optimal paired electrical stimulation were substantially the same in both groups of muscles. In two experiments, excised and in situ samples from the same heart showed this contrasting behavior. The muscles differed greatly in their diameters, which were far greater for the in, situ muscles than for the excised muscles. Subject to the reservation that the ventricular myocardium during cardiopulmonary bypass is in some way "abnormal" (see below), it is concluded that heart rate exerts an insignificant direct influence on the contraction of ventricular myocardium in the condition of low tempera- 
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Frequency ture employed here. In addition, results obtained from the isovolumic left ventricle preparation which reflects the contractile behavior of a large ventricular muscle mass, strongly supports this conclusion. That the observed behavior of the in situ muscles is some consequence of the total bypass procedure remains a possibility. Even so, such an abnormality would be a selective one, affecting the frequency dependence of contraction but not its response to paired electrical stimulation (i.e., its contractile maximum). Thus, the closely comparable maximal values for contractile force and peak rate of force development in situ and in vitro speak against this possibility, as do reports of a very small frequency-force effect in other experimental preparations (4, 5, 7, 12, 13, 15) .
In addition, two muscles excised from hearts exposed to long periods of bypass showed a strong rate dependence of contraction, in pronounced contrast to in situ preparations from the same hearts. Nor can any alterations in the composition of the bypass blood itself account for our findings.
The suggestion made for amphibian heart that the staircase phenomenon is attributable to the absence (26) or deficiency (27) in the perfusing medium of some contraction-promoting constituent of the animal's blood is not applicable here, since the presence of such a substance would be expected to augment contraction in situ at low rates to levels attainable in vitro only at higher rates. Our finding is an opposite one: the maximal contractile state caused by increased rate of The well-known fact that contraction of excised cardiac tissues can be rendered insensitive to rate of beat augmented by high calcium levels or catecholamines suggested the possibility that in situ muscle exposed to some steady level of adrenergic outflow has a flat frequency-force relationship for this reason. This effect of norepinephrine on excised muscles, however, is usually due to the fact that the catecholamine elicits a maximal contractile behavior at low rates. Contraction of in situ myocardium, in contrast, remains far from its maximal level at all heart rates. In addition, beta-receptor blockade and previous reserpinization did not convert the frequencyforce behavior of in situ myocardium to a pattern in any way similar to that of the excised muscle. Adrenergic discharge to the in situ myocardium thus appears not to be responsible, at least not solely responsible, for its flat frequency-force relationship.
Contraction of in situ myocardium differs from that of the excised trabecula in its dependence on a coronary circulation, and it seemed reasonable to explore the possibility that the staircase phenomenon is affected by inadequate coronary flow. Several expectations are possible, and one might suppose that the contraction is compromised by increasingly inadequate oxygen delivery at higher heart rates. An equally plausible alternative view is that contraction at these rates is increased because of catecholamine release said to accompany myocardial hypoxia (28) . In no case was it possible to alter materially the frequency-force pattern of in situ myocardium by drastic changes in coronary flow rate.
The possibility that some negative inotropic constituent of the circulating blood interferes with the positive staircase effect is not supported by the results of experiments in which the coronary vessels were perfused by oxygenated Tyrode's solution. These experiments are not decisive in two respects. Oxygen uptake by the myocardium during Tyrode perfusion was found to be slightly less than that during blood perfusion, and the possibiliCircuUlion Research, Vol. XXVU1, May 1971 ty that the results are influenced by some degree of hypoxia cannot be excluded. The results of the coronary flow experiments, however, indicate that such effects are unlikely to be of major consequence. A more serious problem is the fact that variable degrees of tissue edema accompany Tyrode perfusion, even with 4% dextran, and such perfusion usually was associated with some depression of contractile force development. The problem of edema became noticeably severe when coronary flow of Tyrode's solution was increased, and this fact made systematic exploration of this issue unfeasible.
Thus, although it is unlikely that blood contains a substance that depresses contraction and the staircase effect, in view of the above results, it may be that such a substance exists as a tissue metabolite not easily eluted. Finally, the results presented do not rule out the possibility that some combination of the factors of adrenergic outflow, coronary flow, and endogenously produced materials, determine in concert the frequency-force characteristics of in situ ventricular myocardium.
